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Introduction
The use of dual energy X-ray absorptiometry (DXA) to measure the body composition of large animals in vivo is limited by the design of existing equipment. The equipment that is commercially available was designed and constructed for human subjects in a clinical setting where the patient will lie passively in lateral recumbence while being scanned. By anesthetizing the pig, DXA can be used to measure composition of pigs by performing a total body scan (MITCHELL et al., 1996a, b) . The DXA scan can be analyzed for total or regional fat, lean, and bone mineral content. Studies have shown that the results of total body DXA scans of pigs can be used to accurately predict total body fat and that the lean component can be used to predict total body protein and water (MITCHELL et al., 1998 ). An alternative approach might rely on a rapid crosssectional scan. The fat and muscle areas (or volumes) of cross-sectional images generated by magnetic resonance imaging (MRI) are highly correlated with the total body composition of pigs (FOWLER et al., 1992; BAULAIN et al., 1996 , MITCHELL et al., 2001 ) − as are cross-sectional images generated by x-ray computer tomography (HORN et al., 1997 , see review by SZABO et al., 1999) or post mortem by Video Image Analysis (BRANSCHEID et al., 1995) . Chemical analysis of cross-sections of pork carcasses has been shown to correlate highly with the composition of the total carcass (DOORNENBAL, 1972) . Similarly, analysis of cross-sectional regions of DXA scans of pork half-carcass can be used to predict total carcass fat and lean with an accuracy equivalent to that of the complete scan of the half-carcass (MITCHELL et al., 2002) . The purpose of this study was to determine the feasibility of predicting total body composition of the live pig based on a single cross-sectional measurement.
Materials and Methods
A total of 212 pigs (56 to 138 kg live body weight) originating from a variety of crossbred lines (three cross-bred lines) were scanned by DXA. Diet was withheld for approximately 16 hours prior to scanning. Immediately prior to scanning each pig was weighed on an electronic scale (± 0.2 kg). All pigs were anesthetized (500 mg ketamine, 80 mg tiletamine, 80 mg zolazepam and 333 mg xylazine per 100 kg body weight, i.m., followed by 290 mg ketamine, 37 mg tiletamine, 37 mg zolazepam, 150 mg xylazine, 3 mg butorphanol tartrate and 0.16 mg atropine sulfate per 100 kg body weight, i.v.), to prevent movement during the scanning procedure. Total body DXA scans were performed using a Lunar DPX-L (Madison, WI) instrument. The pig was positioned on its stomach with back legs extended and the front legs placed back along the side, but slightly away from the body. Two different scan modes were used as determined by the size of the pig: 30-69 kg, adult-medium; > 69 kg, adult-slow. The scan mode determines the scan speed and/or collimation, but does not affect the x-ray energy level. The DXA scans were analyzed for percentage fat and lean in the total body. A manual region-of-interest (ROI) analysis was performed for 14 cross-sectional regions (57.6 mm wide) as illustrated in Figure 1 . Consecutive slices were constructed in the caudal direction, five in the front leg/thoracic region, starting at the first rib (S 1-6); four in the abdominal region, starting at the last rib (L 1-3); and five in the back leg region, starting at the tuber sacrale portion of the ilium (H1-5). Each of these cross-sectional slices was analyzed as an individual ROI for fat and lean content. The fat or lean content of the cross-sectional slice was expressed as a percentage of the total soft tissue within the slice. After the final series of scans, each pig was euthanized by a lethal injection of pentobarbital. The head and viscera were removed and the carcass was split at the midline. The right half of the carcass was ground and then analyzed for lipid (chloroform/methanol extraction by the method of FOLCH et al., 1957), protein (Kjeldahl N • 6.25; AOAC, 1984) , and water (weight loss following 10 day lyophillization). The composition of the right and left-halves were assumed to be equal, therefore, the results of the analysis of the right half were doubled to yield the total for the carcass. The head and viscera were combined, ground and analyzed as above for the carcass. Where indicated, the DXA fat measurements based on total body scans, were adjusted to correct for previously reported inaccuracy in DXA fat values using the following formula: DXA corrected % fat = 493. 4 -348.8 [R value] , where the R value is the DXA soft tissue attenuation ratio. DXA does not provide a direct measure of either muscle mass or protein content, but rather lean tissue, which is a composite of many components, exclusive of fat and bone mineral. Furthermore, the lean tissue measurement based on chemical analysis was calculated as the sum of water and protein.
Statistical analysis was performed using Statgraphics® Plus for Windows 2.1. Linear regression analysis was used to compare the DXA measurements of fat and lean percentages in the total carcass with those of the various regions and to compare DXA results with chemical analysis. In addition, a stepwise analysis was performed in order to calculate the best combination of single cross-sectional slices to estimate the whole body composition. Differences between means were evaluated by analysis of variance followed by a multiple range test (Fisher's 95% LSD).
Results and Discussion
The DXA instrument used in this study utilized the pencil-beam x-ray technology, scanning at cross-sectional intervals of 9.6 mm at a scan speed of 7.68 cm/second. Typically DXA instruments scan at rates of 4 to 16 cm per second. With these units the subject remains stationary and the scan speed is determined by the simultaneous motor-driven movement of the X-ray source and detector. Newer DXA instruments utilize a wide-angle or fan-beam technology that will scan wider sections. For example the GE-Lunar Prodigy™ model utilizes the wide-angle technology to produce an effective beam width of 18.3 mm that is 56 mm wide by the time it reaches the detector and the Hologic QDR-4500™ utilizes the fan-beam technology to produce an effective beam width of 13 mm that is 260 mm when it reaches the detector(s). The effective beam width is width of the x-ray beam at 10 cm above the top of the scan table, while the detector is approximately 45 cm above the top of the scan table.
Comparative studies indicate that the pencil and wide-angle beam are comparable for measuring soft tissue composition (NORD et al., 2000) . Therefore, in the present study, 57.9 mm wide cross-sectional regions were analyzed (representing 6 x 9.6 mm scan lines) in order to approximate the information that might be obtained in a single slice using the wide-angle or fan-beam technology, which was not available for the present study. The DXA measurement for the distribution of the percentage of fat in the soft tissue of the various cross-sectional slices of the pigs is shown in Table 1 . The locations of the individual slices are shown in Figure 1 . Among the slices, the highest fat content was in S1 (24.72%) and the lowest was in L3 (16.39%). The DXA measurement of the percentage of fat in the entire body (21.29%) was less (p < 0.05) than that determined by chemical analysis (23.98%). There was no difference in the fat content predicted from the DXA measurement using a previously reported prediction equation (MITCHELL et al., 1996b) and that determined by chemical analysis. The closest agreement between a DXA cross-sectional slice analysis and DXA total body fat analysis was in the shoulder region (21.68% for S4, compared to 21.29% for total body). The DXA measurements of the percentage of fat in the soft tissue of each of the 14 individual slices were closely related (R 2 = 0.777 to 0.966) with the DXA measurement of percentage of fat in the total body ( Table 2 ). The highest relation (R²) was for slice S4 in the shoulder region. The close relationship between the percentage of fat measured by DXA for the individual cross-sectional slices and the percentage of fat measured by DXA for the whole body is consistent with the results of DOORNENBAL (1972) comparing the amount of fat in several dissected crosssections throughout the carcass and total carcass fat (R 2 ranging from 0.94 to 0.98) and the results of MITCHELL et al. (2002) comparing the DXA cross-sectional and DXA total fat analysis of pork half-carcasses (R 2 ranging from 0.91 to 0.98). The relationship between the DXA measurements of the percentage of fat in the soft tissue of cross-sectional slices and the chemical measurement of percentage of fat in the total body (determined by chemical analysis) is shown in Table 3 . The coefficients of determination (R 2 ) ranged from 0.708 for H5 to 0.848 for H2, both in the ham region. The relationship between the fat measured by DXA for the cross-sectional slices and chemically determined percentage of total body compare favorably with the overall relationship for the measurement of percentage of fat in the total body based on the total body DXA scan (MITCHELL et al., 1996a) . Typically, the percentage of protein in the live pig is difficult to predict accurately. Although statistically significant (P < 0.001), the relationship between the DXA measurement of the percentage of lean in the soft tissue of the cross-sectional slices and the chemical measurement of percentage of protein in the whole body was much lower than observed for fat content. The coefficient of determination (R 2 ) between the percentage lean in DXA cross-sectional slices and the percentage protein in the total body ranged from 0.476 for H5 in the ham region to 0.601 for H1 in the ham region and 0.600 for S2 in the shoulder region (Table 4 ). In the study by DOORNENBAL (1971) it was shown that the chemically measured protein content of cross-sectional slices made at various locations throughout the length of the pork carcass were highly correlated with the total amount of protein in the entire half-carcass (R 2 = 0.78 to 0.95). From the data of SHIELDS and MAHAN (1983) there was a correlation (R 2 ) of 0.59 (r = 0.77) between the amount of protein in the carcass and the amount of protein in the residue collected from sawing the carcass at 2.54 cm intervals in cross-section. The R 2 for the relation between the DXA measurement of the percentage of lean in the soft tissue of the cross-sectional slices and the chemical measurement of percentage of water in the total body was slightly lower than observed for fat content. The coefficients of determination (R 2 ) ranged from 0.555 for H5 in the ham region to 0.755 for S5 in the shoulder region (Table 5) . From the studies by SHIELDS and MAHAN (1983) , the relationship between carcass water content and either the lean or water content of the sampled area was similar to the relationship between the fat content of the same components. However, in the present study the relationship between the water content of the total body and the lean content of the DXA cross-sectional slice could have been influenced by variation in water content of the intestinal tract. Table 6 Prediction equations for the estimation of percentage of fat and lean in the total body using dual energy x-ray absorptiometry ( Based on the relationships between chemical analysis of the total body and DXA results, equations were developed for predicting the percentages of fat or lean in the total body using either the DXA information from the total body, a single slice (H2), or a combination of three slices (H2, S2, and L1). These locations were chosen based on their high R 2 with several parameters. These prediction equations are presented in Table 6 . Using the DXA scan of the entire body, the regression equation for the prediction of percentage fat is somewhat different from that reported previously (MITCHELL et al., 1996a) , however, the regression coefficient (R 2 = 0.88) is similar to that reported by MITCHELL et al. (1997) . The R 2 for the prediction based on analysis of a single slice (H2) was only slightly lower than that based on a total body scan and was improved very little by the inclusion of two additional slices. The relationship between the percentage of total body fat predicted from the percent fat in H2 and the percentage of fat observed by chemical analysis is shown in Figure 2 . In this figure a single out-lier can be observed (18% fat predicted vs. 28% fat observed). A regional analysis of the DXA scan of this pig revealed an abnormal fat distributiona much higher fat content in the shoulder region relative to the ham region than was observed in other pigs. Thus, this is an example of how in a large population of pigs (of different genotypes, breeds or cross-bred lines) there are likely to be some individuals where the prediction of total body fat based on this "single slice" approach would yield inaccurate results. Breed or line specific equations might be necessary in this case. The regression coefficient (R 2 ) for the DXA prediction of total body lean, using either the total body scan or cross-sectional slices, was lower than that for the prediction of total body fat. Contributing to the lower R 2 is the chemical estimate of the percentage of total body lean itself that consists of the combined measurements of total body water and total body protein. The R 2 for the prediction using the DXA lean content of the single cross-sectional slice (H2) was slightly higher than that based on the total body scan and increased only slightly with the inclusion of two additional slices (S2 and L1). A plot of the relationship between observed and DXA-H2 predicted values for percentage of total body lean is shown in Figure 3 In general, the lowest correlations were found in the abdominal region (L1-L4), where variation in gut fill may have been a factor. Furthermore, the possible variation in gut fill may have contributed to the lower R 2 values for the relationship between DXA lean and total body water or chemical lean than were observed for DXA slices of the pork carcass (MITCHELL et al., 2002) . The low correlations for H5 (last slice in the back leg region) are probably due to location variation resulting from the range in body size. For smaller pigs this slice was located in the more distal portion of the back leg, thus including variable portions of the ham muscles. In conclusion, these results indicate that a single DXA cross-sectional scan (or combination single scans) can be used to predict total body composition of the pig. The implication of these results is that DXA could possibly be adapted whereby pigs could be scanned with minimal restraint and resulting in a cross-sectional sample that could be used to predict total body composition. In all of the scans analyzed in this study the pig was in a prone position with the legs extended parallel to the body. Thus, analysis based on a cross-sectional scan obtained with the pig in a standing position would likely require additional calibration.
